Diverse Gram-negative pathogens like Pseudomonas syringae employ type III secreted effector (T3SE) 33 proteins as primary virulence factors that combat host immunity and promote disease. T3SEs can also 34 be recognized by plant hosts and activate an effector triggered immune (ETI) response that shifts the 35 interaction back towards plant immunity. Consequently, T3SEs are pivotal in determining the virulence 36 potential of individual P. syringae strains, and ultimately restrict P. syringae pathogens to a subset of 37 potential hosts that are unable to recognize their repertoires of T3SEs. While a number of effector 38 families are known to be present in the P. syringae species complex, one of the most persistent 39 challenges has been documenting the complex variation in T3SE contents across a diverse collection 40 of strains. Using the entire pan-genome of 494 P. syringae strains isolated from more than 100 hosts, 41 we conducted a global analysis of all known and putative T3SEs. We identified a total of 14,613 T3SEs, 42 4,636 of which were unique at the amino acid level, and show that T3SE repertoires of different P. 43 syringae strains vary dramatically, even among strains isolated from the same hosts. We also find that 44 dramatic diversification has occurred within many T3SE families, and in many cases find strong 45 signatures of positive selection. Furthermore, we identify multiple gene gain and loss events for several 46 families, demonstrating an important role of horizontal gene transfer (HGT) in the evolution of P. 47 
These proteins are translocated directly from the pathogen cell into the host cytoplasm by the type III 56 secretion system (T3SS), where they perform a variety of functions that generally promote virulence 57 and suppress host immunity (Zhou and Chai, 2008 (avirulence OR ("type III" AND effector))], October 2018), making it one of the most comprehensively 86 studied T3SE systems. To date a total of 66 T3SE families and 764 T3SE alleles have been catalogued 87 in the Pseudomonas syringae Genome Resources Homepage (https://pseudomonas-syringae.org). 88 Many of these T3SE families are small, relatively conserved, and only distributed in a subset of P. 89 syringae strains, while others are more diverse and distributed across the majority of sequenced P. analyses prior to family designation has not always been consistently employed. While this problem is 114 not nearly as interesting from a biological perspective, it is very important operationally, since poor 115 classification and naming practices can lead to substantial confusion and even spurious conclusions. 116 Part of this issue stems from the fact that T3SEs are multidomain proteins that can share homology of their discovery, many families also had fewer than three T3SE alleles, making robust phylogenetic 119 analyses impossible. Whatever the root cause, we are currently in a situation where many T3SEs are 120 annotated without family assignment, some very similar T3SEs have been assigned to different T3SE 121 families, and some highly divergent T3SEs are assigned to the same family based on short tracts of 122 local similarity. This situation should be rectified in order to facilitate more comprehensive analyses of 123 the role of T3SEs in the outcomes of host-pathogen interactions, particularly in light of the growing 124 database of P. syringae genomics resources. 125 
126
Here, we present an expanded catalogue of T3SEs in P. syringae and an updated phylogenetic 127 analysis of the diversity within each T3SE family. We identified a total of 14,613 T3SEs from 494 P. 128 syringae whole-genomes that include strains from 11 of the 13 P. syringae species complex 129 phylogroups. These strains allowed us to redefine evolutionarily distinct family barriers for T3SEs, 130 examine the distribution of each family across the P. syringae species complex, quantify the diversity 131 within each T3SE family, and explore how T3SEs are inherited. By expanding and diversifying the 132 database of confirmed and predicted P. syringae T3SEs and placing all alleles in an appropriate 133 phylogenetic context, these analyses will ultimately enable more comprehensive studies of the roles of 134 individual T3SEs in pathogenicity and allow us to more effectively explore the contribution of T3SEs to 135 host specificity. were then re-mapped to the remaining contigs using samtools v1.5 with default settings to calculate the 160 read coverage for each contig (Li and Durbin, 2009). Any contigs with a coverage depth of less than the 161 average contig coverage by more than two standard deviations were filtered out of the assembly. 162 Finally, gene prediction was performed on each genome using Prodigal v2. Using this database of 19,188 T3SE associated sequences in P. syringae, we then performed a 171 BLASTP analysis to ensure that all sequences that we downloaded were assigned to appropriate 172 families, which was essential given that many of the sequences downloaded from NCBI are 173 ambiguously labelled as "type III effectors", "type III helpers", or "type III chaperones". Any unassigned 174 T3SE associated gene that had significant reciprocal blast hits (E < 1e-24) with an assigned T3SE 175 associated gene was assigned to the corresponding family. This strict E-value cutoff was chosen to 176 avoid incorrectly assigning families to sequences based on short-tracts of similarity that are common in 177 the N-terminal region of T3SEs from different families (Stavrinides et al., 2006) . Sequences that had 178 reciprocal significant hits from multiple families were assigned to the family where they had more 179 significant hits, which means that smaller families could be dissolved into a larger family if all 180 sequences from the two families were sufficiently similar. However, this only occurred in one case, 181 which resulted in all HopBB sequences being dissolved into the HopF family. In sum, our final seed 182 database of P. syringae T3SEs contained a total of 7,974 effector alleles from 66 independent families, 183 1,585 discontinued effector alleles from 6 independent families, 2,230 helper alleles from 23 184 independent families, and 1,569 chaperones alleles from 10 independent families. Any sequences that 185 were not able to be assigned to an appropriate T3SE family were discarded because of the possibility 186 that these are not true T3SE associated genes.
188
Using the T3SE seed database, which contained a total of 7,974 effector alleles, we then annotated 189 any predicted genes in each of the P. syringae genomes as a T3SE if the gene had a significant blast 190 hit (E < 1e-24) in the T3SE seed database. This resulted in the annotation of 14,613 T3SEs across the 191 494 P. syringae strains. Family names were initially assigned to these T3SEs based on the name that 192 had been assigned to the hit T3SE in the seed database. However, a meaningful comparative analysis 193 of the distribution and evolution of the different T3SE families across the P. syringae species complex 194 requires that we employ consistent definitions for delimiting each T3SE family. This has been 195 historically problematic with P. syringae T3SEs because inconsistent criteria have been employed for 196 assigning novel families. Therefore, we took all 14,613 T3SEs that were identified in this study and 197 used an all-vs-all BLAST clustering approach to delimit them into new families with consistent criteria. 198 199 First, we blasted each T3SE amino acid sequence against a database of all 14,613 T3SEs and retained 200 only hits that an E-value of less than 1e-24 and a length that covered at least 60% of the shorter 201 sequence. Sequences that had multiple non-contiguous hits (i.e. high-scoring segment pairs) with an e-202 value less than 1e-24 whose cumulative lengths covered at least 60% of the shorter sequence were 203 also retained. As was the case above, the strict e-value cutoff prevents us from assigning significant 204 hits between T3SE sequences that only share strong local identity, which is most commonly seen in the 205 N-terminal secretion signal. The 60% length cutoff prevents chimeric T3SEs from linking the two 206 unrelated T3SE families that combined to form the chimera. T3SEs and an arbitrary seed T3SE or collection of centroid T3SEs, as is the case with some clustering 212 methods. Significantly, our approach binned all significantly similar T3SE regardless of whether any two 213 T3SEs were connected through direct or transitive similarity. For example, if T3SE sequence A was 214 significantly similar to T3SE sequence B, and sequence B was significantly similar to sequence C, all 215 three sequences would be binned together, regardless of whether there was significant similarity 216 between sequence A and sequence C. This is important for appropriately clustering particularly diverse 217 T3SE families, which may contain highly divergent alleles that have intermediate variants.
219
Finally, we assigned the same T3SE family designation to all T3SEs within each cluster based on the 220 most commonly assigned T3SE family name that had initial been assigned to sequences within that 221 cluster. In the majority of cases, all sequences in a single cluster had the same initially assigned T3SE 222 family. However, for cases where there were multiple family names assigned to sequences within a 223 single cluster, the lower Hop designation (ie. HopC < HopD) was assigned to all sequences in the 224 cluster. Conversely, for cases where T3SEs that had initially been assigned the same family 225 designation formed two separate clusters, T3SEs from the larger cluster were assigned the initial family In order to classify short chimeric relationships between families, as illustrated in Figure 2 , we used a 234 similar approach to the one outlined above. Specifically, we parsed our reciprocal BLASTP results to 235 capture hits that occurred between alleles that had been assigned to different families. Here, we 236 determined there to be a significant overlap between the alleles if there was an E-value < 1e-10, with 237 no length limitation. These local relationships between some alleles in distinct families have no bearing 238 on the evolutionary analyses performed in this study, but are highlighted in Figure 2 Phylogenetic Analyses 243 We generated three separate phylogenetic trees in this study to ask whether core-genome diversity, 244 pan-genome content, or effector content could effectively sort P. syringae strains based on their host of 245 isolation. For the core genome tree, we clustered all protein sequences from the 494 P. syringae 246 genomes used in this study into ortholog families using PorthoMCL v3 with default settings (Tabari and 247 Su, 2017). All ortholog families that were present in at least 95% of the P. syringae strains in our 248 dataset were considered part of the soft-core genome and each of these families was independently 249 aligned using MUSCLE v3.8.31 with default settings (Edgar, 2004) . These alignments were then 250 concatenated end-to-end using a custom python script and a maximum likelihood phylogenetic tree 251 was constructed based on the concatenated alignment using FastTree v2.1.10 with default parameters 252 (Price et al., 2010). For the pan-genome tree, we generated a binary presence-absence matrix for all 253 ortholog families that were present in more than one P. syringae strain. This presence-absence matrix 254 was used to compute a distance matrix in R v3.3.1 using the "dist" function with the Euclidean distance 255 method. The phylogenetic tree was then constructed using the "hclust" function with the complete 256 linkage hierarchical clustering method. We used the same approach to generate the effector content 257 tree, except the input binary presence-absence matrix contained information on the 70 effector families 258 rather than all ortholog families that made up the P. syringae pan-genome. For comparisons between T3SE family evolutionary rates and core genome evolutionary rates, we 275 converted each individual core genome family alignment that was generated with MUSCLE to a 276 nucleotide alignment with RevTrans, then concatenated these alignments end-to-end as described 277 above. As was the case with each T3SE family, we then calculated Ka and Ks for all possible pairs of 278 core genomes using the Nei Gojobori Method and parsed the output files into stacked data frames 279 using our custom python script. The core genome data frame was then merged with each T3SE family 280 data frame independently based on the genomes that the two T3SE sequences were from so that the 281 evolutionary rates between these two T3SEs could be directly compared to the evolutionary rates of the 282 corresponding core genomes.
284
Gain-Loss Analysis 285 We used Gain Loss Mapping Engine (GLOOME) to estimate the number of gain and loss events that 286 have occurred for each T3SE family over the course of the evolution of the P. syringae species 287 complex (Cohen et al., 2010). The gain-loss analysis implemented by GLOOME integrates the 288 presence-absence data for each gene family of interest across and the phylogenetic profile to estimate 289 the posterior expectation of gain and loss across all branches. These events are then summed to 290 calculate the total number of gene gain and loss events that have occurred for each family across the 291 phylogenetic tree. We performed this analysis on each T3SE family using the mixture model with 292 variable gain/loss ratio and a gamma rate distribution. The phylogenetic tree that used for this analysis 293 was the concatenated core genome tree, which gives us the best estimation of the evolutionary 294 relationships between strains, given the ample recombination known to occur within the P. syringae In this study, we analyzed the type III effectorome of the P. syringae species complex using whole-301 genome assemblies from 494 strains representing 11 of the 13 established phylogroups and 72 distinct 302 pathovars (Supplemental Dataset S1). These strains were isolated from 28 countries between 1935 303 and 2016, and include 62 P. syringae type and pathotype strains (Thakur et al., 2016). Although the 304 majority of the strains were isolated from a diverse collection of more than 100 infected host species, 305 we also included a number of strains isolated from environmental reservoirs, which have been Expect-value acceptance threshold of E<1e-24 and a length coverage cutoff of ≥60% of the shorter 361 sequence (regardless of whether it is query or subject). It should be noted that since this approach uses 362 BLAST it requires only local similarity between family members. Nevertheless, our stringent E-value 363 and coverage thresholds select for matches that share more extensive similarity than would typically be 364 observed when proteins only share a single domain. We feel that these criteria provide a reasonable 365 compromise between very relaxed local similarity criteria (using default BLAST parameters) and very 366 conservative global similarity criteria. All T3SEs that exceeded our acceptance thresholds were sorted 367 into family bins. T3SEs in each bin can therefore be either connected through direct similarity or 368 transitive similarity. Finally, we assigned a name to all T3SEs in each bin based on the most common 369 effector family name in that bin. Our analysis identified 70 T3SE families and sorted T3SEs into their historical families in the majority of 372 cases. However, there were some exceptions, including merging existing effector families that shared 373 significant local similarity (Table 1) , and creating some new, putative families that were generated from 374 T3SEs originally assigned to existing families, but which did not pass our local similarity thresholds 375 (Table 2) . A number of these new families only contain a single allele, so it is likely that they are recent 376 pseudogenes still annotated as coding sequences by Prodigal. Finally, in two cases, a subset of alleles 377 from one T3SE family were assigned to a different family due to the extent of shared local similarity. 378 This included the assignment of all originally designated HopS1 subfamily alleles to HopO, and the 379 assignment of all originally designated HopX3 alleles to HopF. It is important to emphasize that the new criteria do not bin T3SEs that share less than 60% similarity 382 across the shortest sequence. This was done to prevent families from being combined due to short 383 chimeric relationships between a subset of the alleles in distinct families (Stavrinides et al., 2006) . 384 These relationships could be recognized as super-families, although the reticulated nature of these 385 relationships makes this unwieldly. We list families that share these short regions of similarity in Figure   386 2, although it is important to recognize that some of these chimeric relationships are only displayed by a 387 subset of alleles in each family. While we acknowledge that some of the new T3SE family boundaries 388 may cause concern due to conflicts with historical naming, we feel it is essential to use unambiguous 389 and consistent criteria for family delimitation. Following family and strain T3SE classification, we also performed hierarchical clustering using the 404 T3SE content of each strain to determine if T3SE profiles are a good predictor of host specificity. We 405 previously reported that in P. syringae, neither the core genome or gene content phylogenetic trees 406 correlate well with the hosts from which the strains were isolated (Dillon et al., 2017). This remains true 407 in this study, where we've updated the core and pan-genome analyses with an expanded set of strains 408 ( Figure S4; Figure S5 ). The T3SE content tree is not as well resolved due to the smaller number of 409 phylogenetically informative signals in the T3SE dataset. However, we were able to largely recapitulate 410 the established P. syringae phylogroups with this analysis, suggesting that more closely related strains 411 do tend to have more similar T3SE repertoires ( Figure S6 ). We also see that the phylogroup 2, 412 phylogroup 3, and phylogroup 10 strains that have smaller T3SE repertoires than other primary 413 phylogroups, cluster more closely with secondary phylogroup strains in the effectorome tree. However, 414 as was the case in the core genome and gene content trees, hierarchical clustering based on effector 415 content did not effectively separate strains based on their host of isolation. We therefore conclude that 416 overall T3SE content is not a good predictor of host specificity. non-synonymous substitution rates were HopF, HopAB, and HopAT ( Figure 5A ), which all have an 436 average Ka greater than 0.5. These families also tended to have relatively high synonymous 437 substitution rates, but several other families also have Ks values that are greater than 1.0 ( Figure 5B ). Figure 5C ). Therefore, we also analyzed the Ka and Ks 443 on a per codon basis using FUBAR to search for site-specific signals of positive selection in each family 444 (Bayes Empirical Bayes P-Value  0.9; Ka/Ks  1) (Murrell et al., 2013). We find that 37 out of the 64 445 (57.81%) T3SE families with at least five alleles have at least one positively selected site. The number 446 of positively selected sites in these families was relatively low, ranging from 1 to 17, with the 447 percentage of positively selected sites in a single family never rising above 2.29% (Table 3) . By 448 comparison, we found that only 3,888/17,807 (21.83%) ortholog families from the pangenome of P. Figure S7 ). This was also true for 462 pairwise Ks values, although the differences between T3SE pairs and core genes were not as high and 463 there were many more examples of T3SE pairs that had lower Ks values than the corresponding core 464 genes ( Figure 6B ; Figure S8 ).
466
Gene gain and loss of type III secreted effectors in the P. syringae species complex. 467 Both the patchy distribution of T3SE families across the P. syringae species complex and the 468 inconsistent relationships between T3SE and core gene substitution rates suggest that HGT may be an 469 important evolutionary force contributing to the evolution of T3SEs in the P. syringae species complex. 470 Therefore, we also sought to analyze the expected number of gene gain events across the P. syringae 471 phylogenetic tree in order to more accurately quantify the extent to which HGT has actively transferred 472 T3SEs between P. syringae strains over the evolutionary history of the species complex. We used the 473 Gain Loss Mapping Engine (GLOOME) to estimate the number of gain and loss events (Cohen et al., 474 2010;Cohen and Pupko, 2010), and found extensive evidence for HGT in several T3SE families, with 475 some families experiencing as many as 40 HGT events over the course of the history of the P. syringae 476 species complex (Figure 7) . Outlier T3SE families that did not appear to have undergone much HGT in 477 P. syringae include the smallest families, like HopU, HopBE, and HopBR, and the largest families, like 478 AvrE, HopB, HopM, and HopAA. Smaller families were less likely to have undergone HGT because 479 they were only identified in a subset of closely related strains, so are not expected to have been part of 480 the P. syringae species complex through the majority of its evolutionary history. Larger families may 481 experience less HGT because they are more likely to already be present in the recipient strain and 482 therefore will quickly be lost following an HGT event. However, because GLOOME only identifies HGT 483 events that result in the gain of a new family, we cannot be certain whether P. syringae genomes with 484 multiple copies were generated by HGT or gene duplication. 485 
486
An opposing evolutionary force that is also expected to have a disproportional effect on the evolution of 487 T3SE families is gene loss. Specifically, loss of a given T3SE may allow a P. syringae strain to infect a 488 new host by shedding an effector that elicits the hosts' ETI response. Indeed, we found that gene loss 489 events were also common in many T3SE families, with more than 50 events estimated to have 490 occurred in the HopAT and HopAZ families (Figure 7 ). T3SE families that experienced more gene loss 491 events also tended to experience more gene gain events, as demonstrated by a strong positive 492 correlation between gene loss and gene gain in T3SE families ( Figure S9 ) (linear regression; F = 493 140.50, df = 1, 68, p < 0.0001, r 2 = 0.67). However, as was the case with gene gain events, we 494 observed few gene loses in the smallest and the largest T3SE families. For small families, this is again 495 likely to be the result of the fact that they have spent less evolutionary time in the P. syringae species 496 complex. For large families, we are again blind to gene loss events that occur in a genome that has 497 multiple copies of the effector prior to the loss event. Therefore, there are likely many more T3SE 498 losses occurring in larger families than we observe here because these T3SE families tend to be 499 present in multiple copies within the same genome. 500 501 Finally, we also observed that there is a significant positive correlation between both evolutionary rate 502 parameters and the rates of gene gain and loss for T3SE families (Ka-Gene Gain: F = 8.48, df = 1, 63, 503 p = 0.0050, r 2 = 0.1186; Ka-Gene Loss: F = 16.15, df = 1, 63, p = 0.0002, r 2 = 0.2041; Ks-Gene Gain: F 504 = 6.46, df = 1, 63, p = 0.0135, r 2 = 0.0930; Ks-Gene Loss: F = 7.70, df = 1, 63, p = 0.0072, r 2 = 0.1089) 505 ( Figure S10 ). This implies that the same evolutionary forces resulting in diversification of T3SEs are 506 also causing them to undergo elevated rates of gain or loss. However, there was substantial 507 unexplained variance in these correlations, resulting in some T3SE families that have high evolutionary 508 rates and low levels of gain and loss, and other T3SE families that have low evolutionary rates and high 509 levels of gain and loss. These families tended to be the same for all correlations. Genetic and functional evolution of P. syringae type III secreted effectors 593 Given the broad array of unique T3SEs that exist within the P. syringae species complex, mining this 594 untapped diversity is likely to reveal a number of new functions and interactions for T3SEs in P. 595 syringae. By quantifying Ka, Ks, and Ka/Ks for each pair of T3SE alleles in each family, we identified 596 substantial genetic diversity in several T3SE families ( Figure 5) . Our codon-level analysis of positive 597 selection also revealed that T3SE families were substantially more likely than non-T3SE families to 598 contain positively selected sites (Table 3) . Finally, we confirmed that this divergence is not simply a 599 reflection of the immense diversity exhibited by the strains used in this study, since the divergence 600 observed for T3SE families is consistently higher than the divergence observed across core genes 601 ( Figure S7 ; Figure S8 ). Elevated non-synonymous substitution rates in T3SE families implies that there 602 is elevated positive selection operating on these families. Elevated synonymous substitution rates 603 additionally show that this elevated positive selection may extend to synonymous sites, that many 604 T3SEs arose prior to the last common ancestor (LCA) of the P. syringae species complex, and/or that 605 T3SEs undergo considerably higher rates of HGT than core genes. The highly dynamic nature of T3SE evolution is also seen in our analysis of T3SE gain and loss across 621 the P. syringae phylogenetic tree. More than five gene gain events are estimated to have occurred in 622 52 out of the 70 T3SE families analyzed in this study, with a maximum of 41 HGT events estimated in 623 the HopZ family. Gene loss events were even more common, with 57 out of 70 T3SE families 624 experiencing more than five loss events and a maximum of 53 events in the HopAZ family. Earlier 625 studies have also suggested that both gene gain and loss were quite common among T3SE families. 626 One specific study using nucleotide composition and phylogenetics found that members from 11 out of Given the highly dynamic nature of T3SE evolution, we predict that there are still numerous T3SEs that 650 will be found to elicit ETI. Most research on ETI elicitation to date has focused on a small number of 651 T3SE families, and an even smaller number of alleles from each family (Mansfield, 2009). The 652 immense diversification that we observe in many T3SE families points to strong selective pressures 653 that may be explained by as-yet discovered ETI responses. If this prediction holds true, it will be 654 particularly interesting to study T3SE families with alleles that induce different ETI responses in the 655 same host. These patterns will help reveal how strains shift onto new hosts or break immunity in an 656 existing host, perhaps explaining the evolutionary driving force behind new disease outbreaks. 
